Introduction
Fibrin gels are considered to be a promising biomaterial for tissue engineering because of its role as a "physiological scaffold" in tissue regeneration. It has been reported that fibrin gels could lead to cell migration into a wound/tissue-engineered construct and induce cell proliferation/growth. [1] [2] [3] [4] [5] Due to the limited self-repair capability of degenerated intervertebral disc, cell-based therapy such as mesenchymal stem cell (MSC) application is becoming an attractive strategy in disc regeneration. 6 However, interactions between fibrin and MSCs during disc regeneration are unknown. The objective of this study is to explore the potential value of fibrin gel as a delivery system for MSC and nucleus pulposus cell (NPC) co-culture therapy. We tested different fibrin formulations (fibrinogen and thrombin concentrations) and characterized fibrin gel structure and extracellular matrix production under hypoxic conditions in vitro. The findings will help to find an effective delivery system for cell-based therapy in disc regeneration.
Materials and Methods

Cell Isolation
Commercially available HMSCs (Lonza, MD) were expanded to the fifth passage, and NPCs were isolated from bovine tail discs using a collagenase/protease cocktail digestion.
Fibrin Gel Preparation
Fibrin scaffolds were prepared by combining fibrinogen with thrombin as described previously.
7 Briefly, bovine fibrinogen was dissolved in buffer A (sodium chloride 29 mM, sodium citrate 25 mM, and bovine serum albumin [BSA] 15 mg/mL, 3,000 KIU/mL aprotinin), and then load MSC/NPC (1:1) into fibrinogen solution followed by mixing with bovine thrombin in buffer B (sodium chloride 149 mM, BSA 50 mg/mL, and calcium chloride 80 mM). Various concentrations of fibrinogen and thrombin (9:50, 9:100, 18:50, and 18:100) were used to prepared fibrin scaffold (60 μL/fibrin gel), and then allowed to crosslink without touch for 1 hour at 37°C. Finally, fibrin gels were transferred into incubator with 5% CO 2 (normoxia) or 2% O 2 (hypoxia) at 37°C.
Histology and RT-PCR
After 7 day's culture, fibrin gels were collected for H&E, Safranin-O staining. In addition, matrix genes, collagen II, aggrecan, and MMP13 expression of cells within gel were detected with qRT-PCR and normalized to universal GAPDH. Post hoc multiple pair-wise comparison tests (Dunn) were performed to determine differences between treatment groups with significance of p < 0.05
Results
After 7 days, fibrin gels demonstrated much more compact and condense network structure where cells entrapped and spread as compared with day 1 (Figs. A and B) . Safranin O staining showed enriched proteoglycan around cells (Fig. C) . Under hypoxia condition, 9 mg/mL fibrin gel increased type II collagen expression at day 7 by 2.9-fold as compared with day 1 (p < 0.05, Fig. D) , whereas no significant difference between normoxia and hypoxia was observed. Similar expression differences were observed for aggrecan. Interestingly, MMP13 expression increased significantly at day 7 in normoxia group, while it decreased dramatically in hypoxia group (p < 0.01, Fig. D) . Overall, the 9 mg/mL (9:50 and 9:100) fibrin gel displayed more desirable effects on matrix gene (collagen II, aggrecan) expression than on 18 mg/mL (18:50 and 18:100) fibrin gel (Fig. E) . 
Conclusion
Fibrin gel promoted collagen II and aggrecan gene expression as well as proteoglycan production under both normoxia and hypoxia conditions. Among the formulation studies, 9 mg/mL fibrin exerted more desirable effects on cell spreading and matrix production. The findings suggesting fibrin gel may be a good delivery system for cell-based therapy in disc regeneration by promoting matrix production.
